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PREFACE

This report contains the results of a study performed by AGARD Working Group 09 on boundary layer simulation in
wind tunnels with emphasis on the transonic speed regime. The working group was active under the auspices of the AGARD
Fluid Dynamics Panel. The participants in the study represented Canada, France, Germany, Italy, Netherlands, United
Kingdom, United States, and Turkey.

This report is intended to display the current state-of-the-art in boundary layer simulation where Reynolds number is or
cannot be simulated and give attention to wind tunnel effects as well as to document the physical aspects of boundary layer
simulation and the research needed. Finally, a simulation methodology is proposed which can serve wind tunnel user and
operator as an ordered thinking process for the design of wind tunnel tests where viscous effects are important.

M.LLASTER
Chairman
Working Group 09

#* %k k

Ce rapport présente les résultats d’'une étude réalisée par le Groupe de travail AGARD 09 sur la simulation de la couche
limite en soufflerie, en mettant Paccent sur le régime transsonique. Le Groupe de travail s’est réuni sous I'égide du Panel
AGARD de la Dynamique des Fluides. Les membres du groupe ont représenté les Nations suivants: le Canada, la France,
I’Allemagne, I'Italie, les Pays Bas, le Royaume Uni, les Etats Unis et la Turquie.

Le présent rapport donne un apergu de I'état de Part dans e domaine dela simulation de la couche limite, ot le nombre de
Reynolds n’est pas ou ne peut pas étre simulé, examine les effets créés en soufflerie, documente les aspects physiques de la
simulation de la couche limite et précise les besoins en mati¢re de recherche.

Enfin, il est proposé une méthodologie de simulation de la couche limite qui peut servir aux utilisateurs et aux opérateurs
des souffleries comme ligne de pensée pour la définition de certains essais en soufflerie ou les effets visqueux sont d’'une
importance particuliére.
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Boundary Layer Simulation and Control
Report of the AGARD Fluid Dynamics Panel Working Group 09

1.0 Introduction

The problem of boundary layer simulation in wind tunnels is well known. The chief fluid dynamic parameter
for scaling viscous flows, the Reynolds number, often cannot be matched when larger aircraft and missites are
tested in present-day transonic wind tunnels. Furthermore, itis important to note that matching Reynolds
numbers based on some dimension parameter such as wing chord or body diameter may not resutt in
duplication of all the relevant viscous-fluid-related phenomens. For example, wind tunnel noise is widely
recognized to influence transition Reynolds number. Evidence of this was obtained in transition test of the
AEDC 100 cone tested in several North American and European wind tunnels.

In attempting to duplicate flight conditions the experimentalists has required to artifically simulate boundary
layer transition at a matching relative location with ‘tripping’ devices or try to trip the boundary layer at some
location to match some other parameter such as trailing edge boundary layer thickness in hopes in
duplicating viscous/inviscid flow interactions. Not only transition location and boundary layer thickness but
velocity profile and detailed character of the turbulence most likely will cause one tripped boundary layer to
be unlike the full scale naturally turbulent counterpart.

Adeficiency in simulation of boundary layer properties is believed to affect shock wave and boundary layer
separation locations, with marked effects on aerodynamic forces. These problems are particularly severe in
transonic flows because shock wave-boundary layer interaction often has a strong influence on overall
aerodynamic performance. Observation of experimentalists at various wind tunnel facilities reveal that
boundary layer simulation is approached without detailed knowledge ofthe physics of the process, with
techniques varying from one facility to another. The wind tunnel users generally apply “tripping” procedures
without regard to unique tunnel environments. Thisis brought about in part because in-depth information
of the tunnel environment and its affect on boundary layer simulation is usually not available.

Therefore, it is necessary to critically examine simulation requirements related to boundary tayer
characteristics and to try to formulate criteria for guidance of experiments using transonic wind tunnels.

Boundary Layer simulation in wind tunnels is not a well defined science in the absence of Reynolds number
simulation but largely dependent upon varied techniques employed by individual experimentalists. The
purpose of Working Group 09 is to assess the state-of-the-art in wind tunnels at high subsonic and transonic
speeds and recommend research which will aid in improving understanding and prediction of aerodynamic
forces on aircraft and missiles.

The mission of Working Group 09 was scoped as follows:

1. Critically review what conditions must be achieved to yield adequate simulation for typical transonic
aircraft and missiles tested in wind tunnels at Reynolds numbers less than those corresponding to the full-scale
counter-parts in free flight. The focus will be upon high subsonic and transonic speeds.

2. Conduct areview of current boundary layer simulation criteria, their ranges of applicability, and the
techniques used to satisfy these criteria. Identify areas of conflicting criteria and recommend investigations to
resolve the conflicts.

3. Define needed research to improve understanding of the flow physics necessary for proper boundary layer
simulation and research needed to identify and compare wind tunnel environmental effects on boundary
layer simulation.

4. Propose a simulation methodology based on results of the above.
5. Define a confirmation program to test recommended simulation methodology.
The Working Group had six meetings beginning in May 1984 and the final meeting was held October 1986.

The Working Group was divided into three committees; review (state-of-the-art), simulation methodology,
and research. Sections 2.0, 3.0, and 4.0 of this report reflect the work of these respective committees. The
scope of each committee’s activity was:

Review (State-of-the-art)
Current boundary layer simulation practices
Conditions to achieve adequate simulation
identity Conflicting Criteria
Conflict Resolution - Recommendations

Simulation Methodology
Propose methods
Assess potential adequacies and inadequacies
Propose AGARD methodology
Propose confirmation program

Research
Review research of flow physics
Propose needed theoretical and experimental research
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SECTION 2.0
REVIEW OF BOUNDARY LAYER SIMULATION PROCEDURES
BY
REVIEW COMMITTEE

2.1 INTRODUCTION

The scope of the working group is well described in Section 1. Its basic aim is to propose asimulation
methodology that can be defined as “a scheme in which a wind tunnel testing procedure is defined togethe+
with the means for extrapolating the wind tunnel results to flight conditions” (E. Roshotko). In order to
achieve this goal the activities o?the group have been split into three committees: Review, Simulation
Methodology and Research.

At the first working group meeting (Brussels, May 1984) nearly all participants presented a review largely
based on their own observations. The larger part of these reviews was of particular relevance to the Review
Committee. Also, a publication by J. L. Potter “Review of Requirements and Status of Simulation and Scaling
of Transonic Flows' was distributed shortly after the meeting. Asits title implies, this report more or less
covers the assignment of the Review Committee. It was nevertheless decided at the first meeting of the
committee to have a review by each committee member of the national situation. This resulted in anumber
of reviews, presented at the second meeting in Toronto, October 1984. These reviews range from a few pages
to a very detailed report (attachment 1). This large variation in scope is mainly caused by some overlap with
the "Brussel” presentations on the other hand.

In order to reach a state of convergence the committee divided their work subsequently along
phenomenological lines (see table of contents) and the outcome of this survey is reflected in this report.

A few remarks have to be made at the end of this introduction. Firstly, simulation methodologies (either
existing, or still to be developed) are closely coupled with the existing evidence on Reynolds number effects.
Itis not intended in this review to present a detailed account of observed Reynolds number effects* but, as
one will see, a part of this review is devoted to observations regarding Reynolds number effects.

Also, one should be well aware of the fact that it is intended in this section to review rather than to
recommend particular simulation techniques. For thatreason, the review is not a collection of recipes that
can be applied faithfully in the wind tunnel. Instead, the reasoning behind a particular technique is
described. Only a better understanding opens the way to improve upon existing practice.

Finally, there is a chance of overlap with the work of the other two committees. This overlap can be reduced
by a rapid dispersal of the outcome of the committee among the other working group members. For this
reason the work presented here had to be done under some pressure of time.

*AGARD-FDP also assigned T.W. Binion, E. Stanewsky and A. Elsenaar to write an AGARDograph on Reynolds
number effects.
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LIST OF NATIONAL REVIEWS
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“A summary of a 1984 survey of aerodynamicists
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“High Reynolds Number Simulation”
U.K. Industry Approach”
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“"Techniques Transition” _
(WGD9/RC-AR-01; 2 pages with figures + list of references)
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“Transition fixing methods used by MBB,
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“High Reynolds number simulation in Italy”
(WGO09/RC/RU-02; 1 1/2 page)

The Netherlands

reviewed by A. Elsenaar &
“Some examples of current practice with respect to :
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(WGO09/RC/EL-07; 4 pages)



SECTION 2.2 CONFIGURATIONAL ASPECTS

SECTION 2.2.1
MISSILES, FUSELAGE AND SIMILAR BODIES

by

J.Leith Potter
Consulting Engineer
200 Sheffield Place
Nashville, TN 37215, USA

2.2.1.1 INTRODUCTION

The problem of simulating higher Reynolds numbers during wind tunnel testing of missiles and fuselages
has not received as much attention as it has in regard to aircragt wings, particularly transport wings. Thatis
because the configurations and sizes of typical missiles frequently allow testing at full-scale Reynolds
numbers, and also, flows over missiles and fuselages are not usually as critically tailored to specific operating
conditions as wing flows are. However, there are some important results arising from Reynolds number
dependent flow phenomena that affect forces and moments on these bodies. at has proved difficult to coin a
descriptive term for the "not-wings” bodies discussed in this section. They will be ratherloosely termed
“fuselages” or "bodies” hereafter, and it should be noted that wings are discussed separately.)

The flows over these bodies may be of the type where only localized areas of boundary layer separation
exist, such as may occur on boattails. There are also situations wherein large areas of separation are
encountered, but the separation lines are not affected by Reynolds number, being essentially fixed by salient
edges. Abruptchanges in body contour can produce this case; many base flows are examples. Thirdly, they
may be of the type associated with a relatively slender body at high incidence with flow separation and strong
vortical effects. The first two cases need little elaboration in regard to Reynolds number etfects, but the latter
is more complex; the leeside flow may be divided into several subcategories. The situations usually
encountered by a slender, pointed body of revolution are:

(1) Vortex-free flow - - - this occurs at angles of attack, g, less than roughly 5 to 20 degrees for most
cases. Boundary layer transition usually moves forward on lee surfaces for increasing angles of attack. Atthe
same time, it may move aft on windward surfaces when angles of attack are small, then forward as angles
increase. ‘ :

(2) Symmetric vortex flow - - - this occurs in lee flows for angles of attack in the range of perhaps 10 to
40 degrees.

(3) Steady asymmetric vortex flow - - - the range may be approximately 10 to 70 degrees; thisis a
subsonic or transonic phenomenon.

(4) Unsteady wake-like flow - - - arises when the body is above roughly 60-70 degrees.

The overlap in these angles of attack is much reduced when a particular shape is specified. Mach
number affects the angle of attack ranges indicated above, as does nose apex angle, ratio of nose length to
after body length, body fineness ratio and cross section. Examples may be found in the extensive review by
Peake and Tobak (Ref. 1). When crossflow Mach number, M¢ - Moo sin a, reaches the transonic level, say
M¢<0.8, shock waves form in the supercritical crossflow, tending to enforce flow symmetry and suppressing
asymmetric loadings. A very thorough investigation of one ogive-cylinder configuration in subsonic flow has
been reported by Lamont in Ref. 2 where marﬁed Reynolds number influence is displayed.

The emphasis on vortical phenomena associated with high incidence should not be interpreted as
disregard of scaling problems under other conditions. Boattails are one feature of afterbodies that may pose
a Reynolds number simulation problem for experimenters. An exhaust plume or plumes may also be involvec
Trips comprised of typical roughness elements and, sometimes, vortexgenerators may be relied on for
establishing a turbulent boundary layer. Itis important to bear in mind that increased Reynolds number, Re,,
actual or simulated, does not necessarily reduce overall drag coefficient, Cp. The net effect depends upon the
losses and gains in expanding and recompressing regions of the flow, and Cp may increase or decrease with
Re in different ranges of the latter parameter.

Upswept rear fuselages, such as one sees on C-130, C-141, Caribou, Buffalo, Breguet 941, and C5A
aircraft, experience flow separation and present questions regarding high Re simulation. Practical design
solutions that have been devised to stabilize the often unsteady vortical flows in such cases are use of strakes
or sharp fuselage afterbody corners. Vortex generators may be used on either full-scale or wind tunnel
models to improve flow conditions. The presence of wakes from wings, nacelles, undercarriage fairings,
propellers, etc. may complicate these flows and perhaps override Reynolds number effects.

This section presents a review of current practices for coping with the simulation deficiency when tests
of elongated bodies are conducted at Reynolds numbers appreciably lower than full-scale values. High
subsonic, transonic, and low-supersonic ranges of Mach number are covered; hypersonic conditions are
excluded although much of the discussion is also relevant to high Mach number flows. Because the flows
considered here may or may not have supersonic regions and shock



waves, it is important to remain alert to the differences that shock~-boundary layer interaction
may impose upon any conclusions that are based upon shock-free flows. Drag and side force
variations generated by changes in Reynolds number receive the principal attention. The working
premise is that the higher Reynolds number simulation goal implies also that a turbulent boundary
layer is desired and that it has to be established by artificial means.

2.2.1.2 BODIES AT LOW INCIDENCE

A slender body at low angle of attack presents a simulation problem very similar in many
respects to an airfoil. Boundary layer tripping to achieve a turbulent layer upstream of any
afterbody shocks or flow separation normally will be done by conventional forward-tripping means,
i.e., a band of grit or other roughness elements is placed near the nose. The trip typically is
1o§ated 3-10 percent of body length from the stagnation point. A local Reynolds number (Re) of
"10° based on wetted length is consistent with Braslow’s criteria (Ref. 3), which most often are
the basis for sizing trip heights for subsonic-to-low supersonic Mach numbers. For higher Mach
numbers, the methods proposed by Refs. 4-5 often are used. Obtaining an accurate estimate of
full-scale drag coefficient and establishing turbulent flow ahead of a boattail, inlet, or fins
may be the objectives. Experimental verification of tripping and persistence of a turbulent
boundary layer downstream should not be neglected because of the possibility of relaminarization.

Aft tripping, i.e., tripping 10-to 15-percent of body length ahead of the station where a
turbulent boundary layer of the least feasible thickness is wanted, is an alternative to forward
tripping. A more extended discussion of this, with mention of advantages and disadvantages, is
given in various reports, e.g., Ref. 6. While forward tripping and a consequent nearly all-
turbulent boundary layer may be preferred for drag studies involving extrapolation of Cp to higher
Re, aft tripping may be preferred for studies of inlet or afterbody flows where relative boundary
layer thickness as well as the laminar or turbulent state can be a significant simulation
parameter, cf. Ref. 7. In particularly sensitive cases, not only boundary layer state and
relative thickness but also shape factor should be matched for complete simulation. However, it
is important to always remember that variations in tunnel freestream conditions (calibration),
interference from other model or support structures, and jet influence can be at least as critical
as refinements in boundary layer simulation.

Local edge-of-boundary layer flow conditions should be used in calculating boundary layer
thickness and the trip Reynolds number, These calculations also must be appropriate for the
axisymmetric or 3-D flow of interest. Fortunately, the improvements.in computational capabilities
now make such calculations more accurate and less troublesome than they once were. In the context
of this report, which is confined to current practice, there is little more to be said regarding
bodies at low incidence to the freestream flow. The abundance of material on airfoils and wings
adequately covers the general subject. (See Section 2.2.2 of this report and references given
there.) Therefore, the remainder of this section mainly concerns special features of fuselage
afterbody flows and vortical flows of the type generated by elongated bodies at larger angles of
incidence.

2.2.1.3 AFTERBODY TESTING

A general factor in afterbody testing that often accounts for the observed Reynolds number
effect is the interaction between viscous and inviscid phenomena, i.e., the change in pressure
distribution caused by thickened or thinned, separated or unseparated boundary layers. This is
illustrated by Fig. 1, taken from Ref. 7. The drag coefficient in Fig. 1 is the pressure drag
coefficient for the afterbody, based on body maximum cross section area.

Pozniak (Ref. 7), after reviewing a large number of reports, calls attention to the need to
account for effects of unit Reynolds number on tunnel calibration and the significance of
different Mach number regimes and boattail steepness combinations. He then states that -

At subsonic Mach numbers and in the absence of flow separations, significant but
compensating pressure changes (on afterbodies) often are found, resulting in little effect on
the afterbody pressure drag of complete afterbodies.

In the presence of flow separations, the effects of Reynolds number tend to be small
when the location of the flow separation is fixed as a result of a sudden change in the
boattail contour, but on afterbodies with smooth boattailing, changes in afterbody drag
depend on the effects of Reynolds number on the location of the point of separation;
conflicting factors are involved and the afterbody drag can increase, decrease, or remain
unaffected by Reynolds number changes.

Figure 1 illustrates the danger of simply extrapolating a trend of drag coefficients in a
limited range of Reynolds number. In general terms, it shows low afterbody drag coefficient at
very high, flight Re where the thin boundary layer would have been attached over much or all of
the boattail. This would allow recompression on the rear of the body, thereby lowering drag. At
low Re, as may exist in wind tunnels, the thick boundary layer cannot penetrate the region of
rising pressure and it separates. However, drag coefficients may be affected in opposing ways.
When the separation occurs very early on the boattail, the overexpansion near the shoulder is
eliminated and drag is relatively low. At intermediate Re, when the separation occurs downstream
of the overexpansion but upstream of the recompression, there is higher drag. Often the opposing
effects on drag arising from movement of separation or change in effective body contour brought
about by changed displacement boundary layer thickness nearly cancel over a range of Re. When
that occurs, afterbody drag coefficient is almost constant, cf. Ref. 8. (It will be noted that in
this discussion a turbulent boundary layer is assumed.)



For Mach number (M,) below the critical, and boattails on which separation does not occur,
effects of Re may be predicted on the basis of corresponding changes in displacement thickness,
i.e., changes in effective body contour. In the same low Mach number regime, a smooth but steep
boattail contour on which separation occurs can show the trends illustrated in Fig. 1. As already
noted, effectively cancelled effects and nearly constant drag are possible in this case.
Simulating higher Re by boundary layer modification may be misleading if it does not match the
changes in state and relative thickness that would occur naturally.

With higher subsonic Mach number, when shocks occur on the boattail, the observed effect of
increased Re has often been a decrease in drag-rise M_,. This can be due to increased expansion
made possible by the thinner boundary layer on the upstream part of the boattail followed by a
shock and separation downstream preventing or minimizing pressure recovery there. Factors to
consider when planning a test are the probable effect of trips on shock location and the ability
of the boundary layer to withstand the pressure gradients. The same interaction exists for
boattails at supersonic speeds, and it is usuwal for the boattail drag to increase with Re, How-
aver, an opposite trend may be found for the same configuration at subsonic Mach numbers. This is
illustrated in Flg 2, from Ref. 7, where an effect of propu131ve jets is also shown. Afterbody
drag coefficient is here based on wing area.

2.2.1.4 BODIES AT HIGH INCIDENCE

Present practice for simulating higher Reynolds numbers in wind tunnel testing is usually
aimed at reproducing or clarifying the sequence of events so nicely illustrated in Ref. 2.
Figures 3-4 are taken directly from that source and presented here for the convenience of the
reader. The nomenclature, CNO and CYO, represent overall normal and side-force coefficients,
respectively, and Rep is based on body diameter and freestream flow. Reference 2 should be
consulted for a full discussion, and it should be borne in mind that higher Mach numbers or
differences in body shape can affect the results depicted in Figs. 3-4.

The underlying cause of the type of Reynolds number effects shown in Figs. 3-4 is explained
by the character of the f£low separation and lee-side vortices. Figures 5-6, also from Ref. 2,
help to make this clear. Depending on the laminar, transitional, or fully turbulent nature of the
boundary layer, Fig. 5 shows that the magnitude of influence of the vortical flow varies. In this
example, laminar or turbulent separations produce roughly equal side force and normal force
coefficients for angles of attack in the range of 50-60 degrees, and transitional boundary layer
separations cause the least effect. One may speculate that the consistent asymmetry that causes
the side force is not maintained under the more intense fluctuation of local velocities and
transition locations typical of transitional regions. It should be noted that Lamont’s pressure
distributions suggest the presence of laminar separation bubbles just ahead of transition under
the conditions he labels transitional. Such bubbles are, of course, familiar features of laminar
flows in adverse pressure gradients on 2-D and 3-D shapes. The critical influence of minute model
nose irregularities or flow asymmetries in determining direction of the forces generated by
vortical separation is reflected in Fig. 7, from Ref. 2, which shows how side force direction
depended on roll angle of thé nominally axisymmetric body in a low—turbulence wind tunnel.

Thus, although there is no great difference between basic techniques for tripping boundary
layers on wings or elongated bodies, the latter often will require that trips be positioned all
downstream along the body ahead of the separation line to assure turbulent flow at higher angles
of attack (if that is the predicted full-scale situation). It is obviously important that the
boundary layer trips fulfill their function of creating a turbulent boundary layer without also
artificially fixing the separation lines. If the latter occurs, the forces in the plane of
symmetry as well as the side force may not accurately represent high Reynolds number conditions.
Circumferential locations of separation, denoted by the angle Oy, have been shown to vary with
body shape, longitudinal station, angle of attack, Mach and Reynolds number. Figures 8-10 from
Refs. 1 and 12, illustrate this point. Subscript 1 denotes primary separation.

The simpler geometries of axisymmetric bodies represented in the figures illustrating the
types of lee-side flows encountered in tests of bodies at higher incidences have not included
typical aircraft fuselages. However, the latter produce essentially the same flow fields and
their greater full-scale Reynolds numbers may be more troublesome insofar as simulation is
concerned. An interesting collection of papers dealing with fuselage forebodies, strakes, and
other airplane and missile flows is contained in Ref. 13. References 14-18 also include much of
value in regard to vortical flows, but boundary layer tripping practices are not covered. In
general, the techniques are. somewhat standardized in basic approach and empirical in regard to
trip sizing and placement. Therefore, details of particular testing applications are seldom
described.

2.2.1.5 MODES OF TRANSITION WITH SEPARATION

When the Reynolds number is low enough for the boundary layer to be laminar at the separation
angle, O,, the relatively unstable laminar free shear layer may undergo transition to turbulence,
and the %urbulent layer may reattach to the body surface. This condition is identified as "free
shear layer reattachment." A short separation bubble is a feature of such a case, and the locus
of points of reattachment forms a reattachment line of transitional flow. B2An elongated body at
intermediate angles of attack will have 3-dimensional flow, so that a component of flow along
attachment lines usually exists. This secondary flow, when unstable, provides the contamination
that is referred to in discussions of transition in this type of boundary layer. Hence,
"attachment line contamination” is a mode of transition that may be encountered. BAnother form of
secondary flow is created by the 3-D boundary layer profile that typifies crossflow, regardless of



whether separation exists, and this.provides a third destabilizing influence or "crossflow
transition." Finally, there is the type of boundary layer transition that would be expected if
the flow were axisymmetric and unseparated, i.e., "streamwise flow transition." There are
critical Reynolds numbers corresponding to all of these modes of transition.

Poll (Refs. 19-21) has analyzed transition associated with cylindrical bodies at high
incidence in subsonic flow. Other relevant references are given therein. Figures 11 a-b, from
Ref. 20, show the regimes of o and Re where the various modes of transition may be expected when
testing a long, pointed body of circular cross section at angle of attack in a low-turbulence
subsonic tunnel. In Fig. 11, Rg is the freestream Reynolds number based on cylinder diameter.
The letters L, B, and T indicate regimes of laminar, short-bubble separation with transition, and
turbulent boundary layer flow, respectively, as determined by Lamont in his experiments (Ref. 2).
Quantitative parameters defining the regions for these boundary layer states are discussed in
Refs. 19-20, where Poll suggests that use of appropriate trips may lower the boundaries by factors
of’1/3. In Ref. 20 he has reviewed in depth the subject of transition on a cylindrical afterbody
at incidence in subsonic flow, and includes an analysis of the effect on crossflow drag and normal
force. Reference 21 concerns a detailed experimental study of the transition process on the
windward surface of a yawed cylinder.

2.2.1.6 BOUNDARY LAYER TRIPPING

The development of the boundary layer and its separation on typical pointed bodies at
incidence has caused several investigators to place boundary layer trips along helical paths, as
shown in Fig. 12 a-b, which is taken from Rao (Ref. 22). One can see in Fig. 8 that the angle O,
measured circumferentially from the windward attachment line, is considerably greater near tge
noses of pointed bodies, so that if one wanted to trip just upstream of separation, a helical
placement that approximately parallels the separation line would be appropriate, A question could
be raised regarding the correct name of the trips in such cases. They are not tripping the
boundary layer in the traditional sense; their primary role is to cause symmetrical separation.
For that purpose, 2-D (e.g., wire) trips probably are more effective than 3-D (e.g., grit) trips.
In some cases experimenters may want symmetrical separation, but, for example, Lamont’s data show
that asymmetrical separation and large side forces may also be associated with fully turbulent,
high Reynolds number boundary layers. Therefore, suppressing asymmetric separation by locating
trips so as to provide symmetrical salient edges is not truly simulating high Reynolds numbers.

The distinction between a boundary layer trip and a "separation holder" or "mini strake" is
possibly illustrated in Fig. 13 a~b, from Ref, 23, There it will be noted that the "nose wire
trips" had a diameter of 0.159 cm or 0.0626 in., whereas the "nose grit strip" was number 46
carborundum. The average grain diameter of the latter material is given as 0.014 in. by the
Carborundum Company. Thus, the wire trip was 4.5 times higher than the grit. It seems likely
that the 3-D grit strip was sufficient to cause boundary layer transition, (local flow conditions
are not given) but it apparently had far less influence on the rolling moment variation with
sideslip. Presumably this resulted because the wire "trip" acted more like a "separation fixer"
or "mini strake." ‘

When crossflow Mach number is roughly 0.5-0.8, asymmetrical separation usually will be
prevented by symmetrically located crossflow shock waves and shock-induced separation. This is
illustrated in Fig. 14. When it is necessary to trip the boundary layer for simulating higher
Reynolds numbers in transonic and supersonic testing, tripping should be accomplished sufficiently
upstream of the crossflow shock location to avoid interaction between trips and shocks. Current
practice for wings or airfoils is to make this distance at least 10~15 percent of chord. For
bodies of revolution this would correspond to about 40 percent of body radius.

2,2.1.7 CONCLUDING REMARKS

Emphasis has been placed on a review of flow conditions that are important to scaling and
simulation for fuselage and missile bodies. It is pointed out that care must be taken to plan
boundary layer tripping so as to accomplish the desired objective of simulating higher Reynolds
numbers without also altering the flow field external to the boundary layer in ways that do not
follow from boundary layer trarisition. This latter pitfall is encountered when tripping so
thickens the boundary layer that relative thickness at the critical station on the body is much
greater than the full-scale value. For example, this may happen at inlets, boattails, or bases of
bodies. Another manifestation of this error is found when trips also serve to locate and
stabilize separation and associated vortices. This is a danger when testing bodies at higher
angles of incidence. :

Boundary layer tripping with the aim to simulate higher Reynolds numbers in testing fuselages
and missiles normally has been done with a narrow band of sparsely distributed grit at a station
3-10 percent of body length downstream of the nose. The trip band typically is on the order of
0.05 inches or 0.13 cm wide and only 3-10 percent of its area is occupied by particles of grit,
migcrospheres, or other roughness elements. Sometimes the axial location is determined by the Re =
10” criterion recommended in Ref. 3 for placing trips. Some experimenters use a roughness height
of 80 percent of that given by Ref. 3 for 2-D bodies, considering that their 3-D or axisymmetric
models have thinner boundary layers than 2-D bodies under the same flow conditions.

In view of the features of flows over bodies at high angles of attack, as reviewed here, it
appears that a simple circumferential trip near the nose of a body often will not suffice. When
high angles of attack are involved, a longitudinal trip along the windward attachment line or a
pair of trips along the body will be needed if a turbulent boundary layer is to be obtained ahead
of separation and/or shock interaction.
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It will no doubt be noted that free flight may involve more varied vehicle motion than the

static wind tunnel cases represented in this discussion. Thus, the spatial asymmetries in
separation, transition and vortex shedding may change with time at varying rates in flight. This
will not eliminate the phenomena illustrated by the wind tunnel data, and simulation of higher
Reynolds numbers would be approached in the same way.

The complexity of this problem justifies careful planning and extra time in the wind tunnel

to better understand the simulation requirements of a particular test.
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Fig. 3 Example of variation of normal force with Reynolds number and angle of attack.
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